We constructed high-density deletion bin maps of wheat chromosomes 5A, 5B, and 5D, including 2338 loci mapped with 1052 EST probes and 217 previously mapped loci (total 2555 loci). This information was combined to construct a consensus chromosome bin map of group 5 including 24 bins. A relatively higher number of loci were mapped on chromosome 5B (38%) compared to 5A (34%) and 5D (28%). Differences in the levels of polymorphism among the three chromosomes were partially responsible for these differences. A higher number of duplicated loci was found on chromosome 5B (42%). Three times more loci were mapped on the long arms than on the short arms, and a significantly higher number of probes, loci, and duplicated loci were mapped on the distal halves than on the proximal halves of the chromosome arms. Good overall colinearity was observed among the three homoeologous group 5 chromosomes, except for the previously known 5AL/4AL translocation and a putative small pericentric inversion in chromosome 5A. Statistically significant colinearity was observed between low-copy-number ESTs from wheat homoeologous group 5 and rice chromosomes 12 (88 ESTs), 9 (72 ESTs), and 3 (84 ESTs).
line (two copies of Dt5AS and Dt5AL) was also included in species and can be used to integrate the physical and the study. The arm location of the markers involved in a genetic chromosome maps of wheat with the genome putative pericentromeric inversion were also determined in sequence of rice.
Lophophyrum elongatum Host ditelosomic addition lines Dt5ES
As a part of a National Science Foundation-funded and Dt5EL (Dvořák 1980; Tuleen and Hart 1988) and Hordeum vulgare L. line Dt5HL (Islam et al. 1981) . The T.
wheat EST project, an effort was initiated to map thoumonococcum L. DV92 ϫ G3116 mapping population was used sands of ESTs in the wheat genome. A deletion mapping to map some of the conflictive ESTs into the genetic maps system Qi et al. 2003) was select- (Dubcovsky et al. 1996). ed for this task due to the speed and simplicity of the DNAs from the deletion lines were digested only with restricprocess. Most of the RFLP fragments can be mapped tion enzyme EcoRI for the EST mapping, but five additional enzymes (EcoRV, BamHI, DraI, HindIII, and SacI) were used in chromosome bins using a single hybridization and a to digest the DNAs from the different cytogenetic stocks used single restriction enzyme without a preliminary screen in characterization of the putative inversion. Procedures for for polymorphism. This is possible because the rapid deletion-bin mapping were described by Akhunov et al. divergence of the intergenic regions in the wheat ge- (2003a) .
nomes generates high levels of RFLP polymorphism Consensus map construction: ESTs that detected sequences mapped to more than one homoeologous group 5 chromoamong genomes (Cenci et al. 2003; Wicker et al. 2003) . homoeologous chromosome pairing (Ph1), salt and deon chromosome X were included in bin 2 but the rest were hydration tolerance (Esi2, Esi4, Esi14, Esi28, Esi32, Esi47,  included in adjacent bin 3 on chromosome Y, then the breakpoint between bin 2 and bin 3 was considered to be Dhn2, and Dhn1), heat tolerance (Hsp16.9), and numerwithin bin 1 in chromosome X. ESTs mapped only on a single ous resistance genes to pathogens (e.g., Tsn1, Lr18, Snb3, chromosome were incorporated into the consensus bins as and Sr30) (McIntosh et al. 2003) .
follows. If a chromosome bin was within a consensus bin, all these ESTs were included into the corresponding consensus bin. Otherwise, ESTs were assigned to larger combined con-MATERIALS AND METHODS sensus bins, indicated to the right of the consensus bins in Figure 1 . ESTs were sequenced at the USDA-ARS Western Regional Previously mapped RFLP probes and genes on the maps of Research Center in Albany, California from 42 libraries reprehomoeologous group 5 chromosomes . The deletion lines used in the Wheat-rice comparison: ESTs that hybridized with a single NSF-EST project were described by Qi et al. (2003) . For this locus in each genome or those where all the RFLP bands were study, we focused on the Chinese Spring nulli-tetrasomic, ditelmapped were obtained from the wEST-SQL database and used osomic, and 23 deletion lines involving homoeologous group as core markers for wheat-rice synteny comparisons. We also 5. The physical maps, including the positions of the breakincluded in this comparison ESTs with six or fewer bands in points for homoeologous group 5 chromosomes, can be found their hybridization profiles, for which at least two bands in the supplemental online materials (http:/ /wheat.pw.usda. mapped in homoeologous group 5. This criterion was used gov/pubs/2004/Genetics/).
to balance the advantage of increasing the number of ESTs Additional plant materials were used to characterize the in the analysis and the disadvantage of including ESTs that structural changes observed in chromosome 5A. Three translohybridize with multiple loci, which can therefore complicate cation lines (T5RS·5AL, T5RS·5BL, and T5RS·5DL) with chrothe wheat-rice comparisons. Autoradiogram images for each mosome arms 5RS from different rye sources and 5AL (from of the selected ESTs were individually verified before inclusion Chinese Spring), 5BL (from line E12162), and 5DL (from in this analysis. Anza/Wheaton) were introduced by backcrossing into the The EST nucleotide sequences (GenBank, http:/ /www.ncbi. wheat variety Pavon 76 by A. J. Lukaszewski (University of nlm.nih.gov/entrez/query.fcgi?dbϭNucleotide) were comCalifornia, Riverside, CA). In these translocations the most pared against the public rice genome sequence database of proximal regions of the 5L arms were from the original wheat ordered BAC and P1 artificial chromosome (PAC) clones donors, but the distal regions were likely replaced by Pavon 76 (TIGR, http:/ /tigrblast.tigr.org/euk-blast/index.cgi?projectϭ chromosome segments. We also generated a monotelosomic osa1). At the time of this analysis (March 17, 2003) most rice Mt5AS from the cross between Dt5AS-Mt5AL ϫ N5AT5D (this chromosomes were completely sequenced with the exception of chromosomes 12 (94%), 9 (93%), and 11 (79%). plant is sterile and cannot be propagated by seed). A dDt5A Bin Map of Homoeologous Group 5
Sequences showing similarities Ն70%, over at least 100-bp some having the largest number of significant matches to that particular wheat bin and then used a binominal distribution segments, were considered as significant matches and were used in the analysis of the wheat-rice colinearity. To test the to calculate the probability of finding the observed number under the null hypothesis of no colinearity (random distribusignificance of the colinearity between a particular wheat bin and a rice chromosome, we first identified the rice chromotion). Probabilities Ͻ0.01 were considered as evidence of significant colinearity. Since wheat chromosome bins could be similar to more than one rice chromosome, or noncolinear segments could be included in otherwise colinear regions, we also tested the significance of the colinearity with the rice chromosome having the second-highest number of ESTs. We first eliminated the rice chromosome with the highest score from the total number of ESTs analyzed in that particular consensus bin. Then we repeated the calculation of the binomial probability using the remaining ESTs.
Gene distribution among genomes and within the chromosome arms: We tested the hypothesis of equal number of ESTs per chromosome using chi-square statistics. We used a similar statistical analysis to test the homogeneity of EST content distribution along chromosome arms. Each arm was divided into proximal and distal halves, and then the distal half was further divided into proximal and distal quarters. The observed frequencies of ESTs in these intervals were tested against the null hypothesis of homogeneous EST distribution along the chromosome arms. Under the null hypothesis, the expected number of ESTs is proportional to the length of the bin.
RESULTS
Consensus map: Twenty-two deletion breakpoints divide chromosome 5A into 9, 5B into 11, and 5D into 8 bins. A total of 1052 EST probes were used to map 2338 loci into these bins. The complete list of ESTs has been deposited in the supplemental online materials (http:// wheat.pw.usda.gov/pubs/2004/Genetics/). The online material also includes 51 and 166 loci previously mapped on the short arms and long arms of chromosomes of group 5, respectively Faris et al. 2000; Sarma et al. 2000; Qi and Gill 2001; Faris and Gill 2002) . The total number of mapped loci is currently 2555, resulting in a mean density of 1.1 loci/Mb.
The physical order of EST markers along the chromosomes was almost identical for 5A, 5B, and 5D, except for a distal 5AL/4AL translocation and a 5A putative pericentromeric inversion described below. On the basis of this extensive colinearity, we established a consensus physical map for wheat homoeologous group 5 chromosomes. The consensus map includes 11 bins in the short arm and 13 bins in the long arm, with bin numbers increasing from centromere to telomere (Figure 1 ). In both arms the distal halves have three times more conFrom a total of 73 ESTs mapped on bin 5AL23, 68 were mapped on 5AL, 4BL, and 4DL bins, whereas 5 were sensus bins than the proximal halves, resulting in smaller consensus bins in the distal part of the chromomapped on 5AL, 5BL, and 5DL bins. Nine EST probes (BE403518, BE403761, BE425161, somes. A total of 419 probes were assigned to these 24 consensus bins, whereas the other 570 probes were BE497510, BF291333, BF474334, BG263528, BG263803, and BM140334) detected homoeoloci in centromeric bins mapped into combined consensus bins because they were mapped into only one or two chromosomes or on 5AS, 5BL, and 5DL ( Figure 2 , A and B), suggesting the presence of a small pericentric inversion ( Figure 2F ). into combined bins in the original chromosomes. A total of 63 probes were assigned to chromosomes or
The same probes detected RFLP fragments on chromosome arms 5EL and 5HL in ditelosomic-addition lines of chromosome arms, but not to bins. A few consensus bins have a small number of ESTs because of an unequal L. elongatum and H. vulgare ( Figure 2 , A and B). Three of these ESTs-BE497510, BF474334, and BE425161-partition of the original chromosome bins into small consensus bins (8S, 3S, and 8L) or because of the preswere found to be different parts of the same gene contig and their results are all reported as part of the BE497510 ence of small distal deletions (e.g., 10S).
Structural rearrangements: Two exceptions were results hereafter ( Figure 2F ). Assignment of these loci to the short arm of chromofound to the colinearity observed among chromosomes 5A, 5B, and 5D. The first one was the known 4AL/5AL-some 5A was initially determined only by the absence of the RFLP fragments in the Dt5AL line, because the translocation on the distal part of chromosome 5AL corresponding to bin 5AL23 (Naranjo et al. 1987) .
sterile Dt5AS stock was not included in the general Duplications are numbers of loci minus number of EST probes. 2 test indicates the probability of a departure from a hypothetical 1:1:1 proportion among genomes.
a 5A c ϭ corrected 5A ϭ 5A Ϫ 5AL23 4A ϩ 4AL 5A ϩ 7BS 5A . Chr, chromosome.
mapping project. Therefore, we used different cytogestructural changes took place. The symbol 5A c was used to indicate that the number of ESTs hybridizing with netic stocks to characterize further some of these probes. The 5A RFLP fragments detected with EST probes at least one locus in chromosome 5A was corrected by eliminating those present in the 5AL23 bin and origi-BE497510, BF291333, and BM140334 were also absent in the wheat-rye translocation line T5RS·5AL ( Figure  nated from the translocated 4AL arm (68) and adding those from the 5AL arm translocated to 4AL (50) and 2A). The short-arm location of the fragment identified by the BE497510 probe on chromosome 5A was further 7BS (8) ( Tables 1 and 2) . A significantly higher number of EST probes hybridizconfirmed by its presence in Mt5AS.
EST probes BE403518 and BE403761 showed unexing with at least one locus were mapped on 5B (702) compared to 5A c (636) and 5D (570) ( 2 , P Ͻ 0.001, pected patterns. The 5A RFLP fragments detected with these two probes (absent in N5AT5D) were simultane- Table 1 ). This paralleled a significantly higher number of duplicated loci on the 5B chromosome (P Ͻ 0.001). ously absent from Dt5AL and Mt5AS ( Figure 2C , arrowhead), but present in the T5RS·5AL line ( Figure 2B , To eliminate any potential effect of different levels of polymorphism among genomes we repeated the prearrowhead) and in a double ditelosomic line dDt5A carrying a pair of 5AS and a pair of 5AL telocentrics.
vious analysis using only the ESTs for which all the RFLP fragments were mapped. For this reduced subset of 559 We confirmed by in situ hybridization that the T5RS·5AL chromosome had a rye centromere, indicating that a ESTs, the 5B chromosome continued to show the largest proportion of probes (172), loci (208), and duplicated complete 5RS arm was present in this stock ( Figure 2D ). Linkage mapping of these two probes in T. monococcum loci (44% , Table 1 ). However, the reduced numbers of ESTs used in the second analysis resulted in no signifishowed that BE403761 was completely linked to the centromere of chromosome 5A m . BE403518 hybridized cant differences (Table 1) . Distribution of mapped loci along the chromosome with multiple fragments and the only polymorphic fragment was mapped on chromosome 7AS m linked to arms: Using the corrected numbers for 5AL c , the proportions of EST probes between the long and the short Xabc152. The observed results of the probes with altered colinearity in the centromeric region of homoeologous arms of all three chromosomes were almost identical (5AL c /5AS ϭ 3.0, 5BL/5BS ϭ 3.1, and 5DL/5DS ϭ group 5 were explained by two alternative hypotheses presented in Figure 2 , E and F, and described in detail 3.1). The total numbers of loci assigned to the short and long arms were not equal to the total number asin the discussion.
Ten EST probes from homoeologous group 5, with signed to chromosomes because 54 loci were not allocated to defined bins, and 173 were assigned only to all bands mapped, hybridized with restriction fragments from only one genome (2 from 5A, 5 from 5B, and 3 complete chromosome arms or chromosomes. In spite of the similar ratios between the number from 5D). Seven of them showed no sequence similarity with rice. The other 3 (BF200575, BE424034, and BGof probes located in the long and short arms, some differences were detected in the distribution of the 313878) showed significant similarities with ESTs from the colinear regions in rice chromosomes 9 and 12, probes within the chromosome arms. For all six arms we found a significantly higher number of EST loci and suggesting that they were deleted from two of the three wheat genomes.
probes in the distal half of the arm relative to that in the proximal half ( 2 , P Ͻ 0.01, Table 2 ). However, Distribution of ESTs among chromosomes: To compare the number of ESTs hybridizing with at least one when we divided the most distal half from each arm into two approximately equal parts, we found significant locus on chromosomes 5A, 5B, and 5D, chromosome 5A was reconstructed to its ancestral state before the differences only in three of the six arms. Chromosome a Chr, chromosome; 5AL c ϭ corrected 5AL ϭ 5AL Ϫ 5AL23 4A ϩ 4AL 5A ϩ 7BS 5A . b Prox., proximal half of the arm; Dist., distal half of the arm. c P indicates the probability of a significant 2 test against the null hypothesis of number of ESTs proportional to the physical length of the combined bin. NS, not significant. arms 5AS, 5BL, and 5DL showed a significantly higher showed a higher proportion of duplicated loci in the distal half of the chromosomes than in the proximal (P Ͻ 0.01) number of EST probes and loci in the most distal quarter relative to that in the proximal quarter half. The exception to this pattern was 5BL, which showed 23% of duplications in the proximal region and whereas the three other arms did not follow this pattern (Table 2) . 21% in the distal region, which suggests that the higher level of duplications was not entirely caused by a larger The difference between the number of loci and the number of probes mapped in the bins of a particular number of loci present in the distal regions.
Comparative wheat-rice genome analysis: A total of chromosome was used to estimate the level of intrachromosomal duplications. This includes duplications within 430 EST probes that hybridized with six or less bands, and for which at least two bands were mapped to homothe same bin and among different bins of the region being compared. The number of intrachromosomal dueologous group 5 (of the 980 included in the consensus map), were selected for the wheat-rice comparisons. plications in the distal halves of the six chromosome arms from homoeologous group 5 was significantly higher ( 2 ,
The other ESTs were excluded because they hybridized with multiple bands, and the mapping of paralogous P Ͻ 0.01) than the number in the proximal halves. To test the homogeneity of the duplication distribution loci could result in an overestimate of the noncolinear loci. From the 430 selected ESTs, 357 were significantly within the distal halves, these regions were divided further into two similar quarters. Statistically significant similar (see materials and methods) to sequences present in the public rice genome database of ordered higher numbers of duplications in the distal quarter were confirmed only for 5AL c and 5BL arms (Table 2) . It should BAC/PAC clones (http://tigrblast.tigr.org/euk-blast/ index.cgi?projectϭosa1) and were used for the statistibe pointed out that the absolute number of duplications indicated in Table 2 is an overestimate, because internal cal tests of colinearity (Table 3) . Hereafter, wheat chromosomes are preceded by a W and rice chromosomes EcoRI sites within the region of hybridization also can create duplicated fragments within a bin.
by an R to simplify the descriptions. In the short arm, most of the ESTs (64% ϭ 67 ESTs, The increased number of ESTs mapped in the distal halves of the chromosomes can be one of the causes of Table 3 ) were significantly similar to rice genes located within a 66-cM segment covering the complete long arm the increased number of duplications observed in these chromosome regions. To investigate this possibility, the of R12 (Figure 1 ). The statistical analysis showed that 9 of the 11 consensus bins from W5S had significantly proportion of duplications was calculated by dividing the number of duplications by the number of loci more common probes with R12 than expected from a random distribution (P Ͻ 0.01, Table 3 ). The four mapped in a particular region. Five of the six arms combined consensus bins from the short arm showed P Ͻ 0.01). If these 4 ESTs were the result of a single translocation event, they would probably map on a conalso higher similarity to rice genes from R12 (Table 3) .
The exceptions were the small consensus bins 3S and tiguous region on R1. However, we found that these 4 ESTs corresponded to two regions located ‫37ف‬ and 136 8S. No common ESTs between wheat and rice were found in consensus bin 8S. Only one of the two ESTs cM on R1.
In the long arm of W5, 253 of the 294 analyzed ESTs assigned to the 3S consensus bin had a significant match with a rice gene (Table 3 ) located within the expected showed similarities with sequences from R12 (32 ESTs), R9 (75 ESTs), and R3 (89 ESTs) ( Table 3 ). The addiregion on R12. However, because of the low number of ESTs mapped on this bin, the statistical comparison tional 57 wheat ESTs with significant matches corresponded to the other nine rice chromosomes (Table 3) . was not significant (P ϭ 0.08). Wheat bin 9S included 13 ESTs significantly similar to rice chromosome R12,
The colinearity between the order of the bins on W5S and R12L described above was extended to the but 4 additional ESTs were assigned to R1 (Table 3, centromeric bins on W5L and R12S. These wheat ESTs ticular bin. We have included in the supplemental online materials (http://wheat.pw.usda.gov/pubs/2004/ were significantly similar to rice genes located within the region between 6 and 49 cM (centromeric region) Genetics/) a table with the predicted order of the wheat ESTs based on the order of the corresponding rice on the linkage map of R12S. The ESTs assigned to the long arm centromeric bins C-1L (12) and 1L (3) showed genes within the physical map of the rice BAC/PAC clones. significant or close to significant similarity with sequences on both R12 and R9 (Table 3 ), suggesting that this breakpoint in colinearity was located somewhere DISCUSSION within these two bins. Combined bins C-1L-4L, C-1L-5L, and C-1L-6L also showed significant similarity with Physical maps and consensus maps: Deletion maps are a simple and rapid way to build cytogenetically based rice genes located on these two rice chromosomes (Table 3). Analysis of the combined bins was necessary RFLP maps of wheat (Werner et al. 1992; Kota et al. 1993) , providing a first insight into because a large number of ESTs were mapped into combined bins C-5AL12-0.57* and C-5BL14-0.75* due the structure and evolution of the wheat genome Qi and Gill 2001; Faris and Gill 2002 ; to the presence of incorrect proximal deletion lines for 5AL and 5BL available to most of the mapping labora- Akhunov et al. 2003a) . Consensus maps combine the information of the inditories.
The region of the long arm of wheat chromosome 5 vidual deletion maps, adding information about the order of markers within a bin in one genome, on the corresponding to consensus bins 2L to 6L showed a significant similarity with rice chromosome R9L. Two basis of the distribution of the same markers in bins of the other wheat genomes (Werner et al. 1992 ; Gill et exceptions to this general trend were detected in bin 5L and in combined bin 4L-8L. Bin 5L contained four al. 1996). Many of the previous consensus maps have been constructed by ordering the consensus breakpoints ESTs that were similar to sequences on R9L. Two additional ones had similarity to R7; however, these two according to the fraction length (FL) values derived from the bins located to the different homoeologous ESTs did not match adjacent sequences in R7. In the combined interval 4L-8L, five ESTs were similar to R9L, chromosomes Sarma et al. 2000; Qi and Gill 2001) . The large number of ESTs included but two ESTs were assigned to R2. As for the ESTs from bin 5L, these ESTs were mapped into a separate region in this study facilitated a more precise approach for defining the consensus bins. In this procedure (see in R2, suggesting that they do not belong to a single translocation event.
materials and methods) the information derived from the numerous ESTs that mapped to more than ESTs mapped to the most distal bins, 8L to 11L, were significantly similar (P Ͻ 0.01) to genes from two sepaone homoeologous chromosome was used to define precisely the consensus bins. Even using this improved rate regions of R3L. The first region extended from the centromere to 100 cM, whereas the second one approach, the three wheat genomes are not perfectly conserved and, given the resolution of the deletion bins, extended from 136 cM to the end of R3L. Rice BAC/ PAC sequences located between these two regions were it is likely that we cannot detect many deviations in gene content and order among them. used to screen the database of mapped wheat ESTs. Approximately 20% of the significant matches correColinearity among chromosomes 5A, 5B, and 5D and its exceptions: Results from this and previous studies sponded to W4S and 60% to W4L (W4A matches were located on opposite arms to 4B and 4D due to a known have shown good colinearity among chromosomes 5A, 5B, and 5D Faris et al. 2000 ; Sarma pericentric inversion). The other 20% was distributed among five different wheat chromosomes. Qi and Gill 2001; Sorrells et al. 2003) . However, this colinearity has been disrupted by two We could not confirm the syntenic relation of consensus bins 7L and 12L due to the insufficient number of structural changes on chromosome 5A. The first one is a large reciprocal translocation between the long arms probes assigned to these bins. Finally, 14 ESTs mapped in the distal region of W5AL (most ESTs in bin 5AL23 of chromosome 5AL and 4AL that occurred in the diploid ancestor of the A genome (Naranjo 1992; Devos originated from a translocation with homoeologous group 4) were colinear to the regions between 1 and 6 et al. 1995) . We found 5 of 73 ESTs from the 5AL23 bin outside the translocation (5AL, 5BL, 5DL location), cM on R3S. This segment is in an inverted orientation relative to the colinearity between bins 8L to 11L and suggesting that the 4AL/5AL translocation point was located distally, but close to the 5AL23 deletion line rice R3L (Dubcovsky et al. 1998) .
The conservation of large chromosome blocks from breakpoint. A similar result was reported before (Faris and Gill 2002) . wheat homoeologous group 5 with rice chromosomes R12, R9, and R3 can be used to infer the order of the In addition, a previously unknown alteration in the colinearity in the centromeric region of chromosomes loci within the physical bins. Although these predictions should be taken with caution, they provide a valuable from homoeologous group 5 was discovered in this study. Two alternative hypotheses are presented to exfirst approximation to the order of loci within a par-plain those results: the inversion/deletion hypothesis wheat chromosome 1B (Sandhu et al. 2001; Francki et al. 2002) . Cytogenetic studies have shown that the cen-( Figure 2F ) and the centromeric location hypothesis (Figure 2E) . tric breakage fusions in Robertsonian wheat-rye translocations can occur at different positions within the priThe inversion/deletion hypothesis proposes that a pericentric inversion in the centromeric region of chromary constriction (Zhang et al. 2001) , providing an explanation for the different results observed in this mosome 5A was the cause of the opposite-arm location of the five ESTs indicated in blue in Figure 2F (5AS, study in the wheat-rye translocation lines. Since none of the observed results can be used to 5BL, 5DL). These ESTs were also mapped in the long arms of barley 5HL and L. elongatum 5EL chromosomes, rule out one of the two proposed hypotheses, additional research will be necessary to determine which of them confirming their ancestral long-arm location. This was also supported by their colinearity with a segment of is correct.
Distribution of ESTs among chromosomes:
The large rice chromosome arm R12S between 27.1 and 39.4 cM, corresponding to the long arms of wheat homoeologous sample of ESTs used in this study, representing a random sample of approximately one-third of the wheat group 5.
However, no EST mapped to the long arm of 5AL genes, provided a powerful tool to analyze the distribution of genes among genomes and within chromosome while mapping to the short arms of 5B and 5D, suggesting that the breakpoint on the 5AL arm in this arms.
The 5B chromosome has a larger number of mapped loci than 5A and 5D, which is the pattern when putative inversion was more distal than the breakpoint on the 5AS arm. One probe, BE403618, was mapped total loci mapped per genome is calculated, and the B genome has more than the A and D (Qi et al. 2004 ). on bins C-5AL12 and 5BS4, but the inclusion of this probe within the putative inversion was ruled out be-
The 5BL arm appears to have the highest number of mapped ESTs among all wheat long-arm chromosomes. cause 5BS4 is not the most proximal bin in 5BS, and the ESTs mapped in the more proximal C-5BS4 bin A previous report indicated that the B genome has twice as many unique loci as the A and D genomes (Akhunov were mapped in colinear locations in 5AS and 5DS outside the putative inversion. et al. 2003b) , providing a possible explanation to the higher number of mapped loci observed in this study. A second assumption of the inversion/deletion hypothesis is that the Dt5AL stock carries a secondary However, the higher level of RFLP polymorphism usually observed in the B genome compared to that in interstitial deletion in the proximal region of 5AL including loci BE403518 and BE403761 ( Figure 2F ). This the other two genomes could provide an alternative explanation for the higher number of ESTs mapped to deletion explains the simultaneous absence of the 5A RFLP fragments from the short (Mt5AS) and the long the B genome. The lower level of intergenomic polymorphism in the A and D genomes could result in a larger arms (Dt5AL) of chromosome 5A in the hybridization profiles of BE403518 and BE403761. The presence of proportion of comigrating bands that cannot be mapped by deletion mapping. To test this possibility we these fragments in the T5RS·5AL translocation line is explained by the absence of the secondary 5AL interstirepeated the comparison using only those probes for which all RFLP fragments were mapped. This excludes tial deletion in T5RS·5AL.
The centromeric location hypothesis ( Figure 2E ) is the putative effect of different levels of RFLP polymorphism. In this second analysis, the B genome also based on the assumption that this group of noncolinear loci is located within the functional centromeric region, showed the largest proportion of mapped probes and loci, although the reduced number of ESTs resulted in and that different breakpoints explain the different results observed in this study. The first proposed breaknonsignificant statistics (Table 1) . These results suggested that part, but not all, of the increase in the numpoint, the closest to the long arm, is used to explain the results observed in the Dt5AL arm, in which all ber of ESTs mapped on chromosome 5B was due to its higher level of polymorphism. probes show missing 5A RFLP fragments. The second proposed breakpoint on the centromeric region of Distribution of ESTs within chromosome arms: The distal regions of the wheat genomes are known to show chromosome 5A ( Figure 2E , breakpoint 2), located proximal to BE403761 and BE403518, is used to explain higher levels of RFLP than the proximal regions (Dvořák et al. 1998) . As a result of this gradient, many proxithe presence of these loci in the T5RS·5AL line and their absence in the Mt5AS line. The last breakpoint mal probes were excluded from the wheat linkage maps because of a lack of polymorphism between the parental ( Figure 2E, breakpoint 3) is the closest to the short arm and is used to explain the presence of all the analyzed lines of the mapping populations. Because most of the RFLP probes used in the first characterizations of the RFLP fragments in Dt5BL, Dt5DL, Dt5EL, Dt5HL, T5RS·5BL, and T5RS·5DL.
wheat deletion lines were selected from clones previously mapped in linkage maps, this resulted in an The location of expressed genes within a functional centromere has been demonstrated in yeast (Kuhn et underestimation of the number of proximal loci. This study used a random sample of ESTs originating from al. 1991) and in Arabidopsis (Copenhaver et al. 1999) and was also suggested for the centromeric region of multiple cDNA libraries, resulting in a better estimate of the number of loci in the proximal regions. We tions indicating a predominance of multigene loci in the distal regions of wheat chromosomes (Akhunov et mapped 395 and 146 EST probes in the proximal half regions of the long and short arms of homoeologous al. 2003a). However, as in the gene density study, the division of the distal halves into two quarters resulted group 5 chromosomes, respectively.
The results obtained here were used to reexamine in nonsignificant differences for four of the six arms analyzed, suggesting that not all the arms had a larger the conclusions from previous studies suggesting differences in gene density along the wheat chromosomes.
number of duplications toward the telomeres within the distal halves of the chromosomes. Previous studies consistently showed that the proximal bins from homoeologous group 5 had a lower density
Comparative analysis of wheat homoeologous group 5 genes with the rice genome: The wheat and rice geof markers than the distal bins Faris et al. 2000; Sarma et al. 2000; Qi and Gill 2001 ; Faris nomes diverged Ͼ50 million years ago and differ by nearly 40-fold in genome size. However, large chromoand Gill 2002). Some of these studies calculated the gene density along the chromosome by dividing the some blocks showed good colinearity between the two genomes (Kurata et al. 1994; Moore et al. 1995 ; Van number of genes by the size of the bin in megabases. Although this is a relatively good approach for large Deynze et al. 1995; Feuillet and Keller 2002; Sorrells et al. 2003) . bins, it results in imprecise estimates for small bins due to the limitations in the cytological determination of Wheat homoeologous group 5 was previously shown to have one of the most complex syntenic relationships metaphase chromosomes lengths. To avoid this problem, we used a conservative approach and pooled bins with rice among all wheat groups (Moore et al. 1995; Sorrells et al. 2003) , resulting in an incomplete picture covering relatively large fractions of the chromosomes. All six arms of homoeologous group 5 chromosomes of its colinearity with rice. The large numbers of ESTs used in this study and the completion of the first draft showed a significantly higher number of genes in the distal halves compared with a null hypothesis of uniform of the rice genome sequence (Goff et al. 2002) were useful to refine the comparison between wheat chromodistribution along the chromosome arm, confirming previous reports. However, division of the distal halves some 5 and the rice genome. Previous comparative studies reported colinearity beof the six arms into two quartiles failed to show significant differences in gene number in three of the six tween W5S and rice chromosomes R12, R11, R5, and R1 (Sarma et al. 2000; Qi and Gill 2001 ; Lamoureux chromosome arms (Table 2) . Among the three nonsignificant arms, 5BS had 4% fewer loci than expected in et al. 2002) . We confirmed here that the colinearity between W5S and R12 extends from almost the comthe most distal quartile, whereas 5DS and 5AL c had 9-10% more loci than expected in this quartile. This plete length of this wheat chromosome arm to the proximal region of W5L, suggesting the presence of similar result contradicts a simple model of increased gene density with distance from the centromere and suggests centromere locations. We could not confirm a significant similarity with other rice chromosomes. The simia more uniform distribution of gene densities between the two distal quartiles of some of the arms of homoeololarities between W5S and rice chromosome R11 most likely originated from the duplication of a large segment gous group 5 chromosomes. To test if the higher level of polymorphism observed of chromosome R12 in R11 (Wu et al. 1998) . Sarma et al. (2000) reported that the colinearity bein loci from the distal regions of the wheat chromosomes (Dvořák et al. 1998) was affecting our estimates of the tween W5L and R9 was disrupted by the insertion of parts of several linkage groups of rice. We showed here distribution of loci along the chromosome arms we repeated the statistical analyses from Table 2 using only that the R9 region between 100 and 136 cM shows similarity with W4. The two R9 regions flanking this 36-cM those probes with all the restriction fragments mapped. For this limited set of loci, we observed results similar interval showed 69 ESTs colinear with W5L, suggesting the presence of a large translocation into R9 or out of to those with the complete set of ESTs, suggesting that the observed differences were not determined by differ-W5. The few ESTs similar to other rice chromosomes detected in bins 5L (R7) and 4L-8L (R2) were not adjaence in polymorphism. The only exception was the comparison between the two distal quartiles of 5DL that was cent in the rice genome, suggesting that they do not represent single translocation or transposition events. significant with the complete set of loci but not with the subset with all bands mapped.
Although the large-scale colinearity between wheat and rice chromosomes can be explained by few breakGene duplication: The same partition of the homoeologous group 5 chromosome arms was used to investipoints in the rice genome (Moore et al. 1995) , more complex relationships have been described in studies gate the intrachromosomal distribution of gene duplications. For the six chromosome arms analyzed in this that compared the same chromosomes at the subcentimorgan or sequence level (Bennetzen and Ramastudy, we found a significantly higher number (P Ͻ 0.01) of intrachromosomal duplicated loci in the distal krishna 2002; Feuillet and Keller 2002) . A comparison of the available Triticeae-rice microcolinearity halves relative to the null hypothesis of uniform distribution. This result is in agreement with previous observastudies showed a better conservation in the proximal
